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A METHOD OF CALIBRATING AIRSPEED INSTALLATIONS ON AIRPLANES AT TRANSONIC AND
SUPERSONIC SPEEDS IBY THE USE OF ACCELEROMETER AND

ATTITUDE-ANGLE MEASUREMENTS 1
By JOHN A. ZALOVCIK,LINDSAY il. LINA, and JAMZJS P. TEANT,Jr.

SUMMARY

A method is dem-ibed forcalibrating aimpeed i@aL?.atimM
on airphznea at tranaonk and 8uper80nti speeds in verttkzi?-
pike maneuver8 in which w8e ia mad-e of ?neasuTementllof
normal and longitudinal accekm$ions and atiitu& angle.
In tlnk method, aU tlu required indrument.aiion i8 carried
within the airpilww,

An an@/tiC&?8ihLdyof the e~eek of variw 8ource8of emor
on i%eaccuracy of amairspeed calibration b-ythe aecekromta!er
nuthod indicatid that the required meammemeru%can be made
aecwra-telyenough to insure a 8ati8fa4d4n-ycalibration. Thi.8
conclusion wa9 mqijied expm”mtmtal.lyby a calibration of the
air8peedim%zlkztionof ajet jigh$wairpknw. The ikw%included
shauow dive8up to a Mach number of about 0.80 with @.&ups
of about ~, 3, and l?g nerd acceleration. A calibration ~
the radar-phototiodoli.ie method (NACA Rep. 986) wm &o
madefor compari.wn.

INTRODUCTION

A method of calibrating the static-pressure source of a
pitot-static installation on an airplane at high speed and h@h
altitude by the use of radar-phototheodolite tracking equip-
ment wrIsdescribed in reference 1. In thismethod, the radar-
phototheodolite equipment is used to estab~h the geometric
altitude of the airplane in surveys of atmospheric pressure
made at speeds for which the airspeed calibration is known
and in maneuvers under conditions for which the calibration
is desired. Although this method is precise, its use is limited
since rackw-phototheodolite equipment is not generally
available. In order that airspeed calibrations may be per-
formed universally with the added convenience of having
instrumentation all within the airplane, a method, herein
referred to w the accelerometer method, was devised at the
Langley Aeronautical laboratory of the National Advisory
Committee for Aeronautics. The method makw use of meas-
urements of total prewure, static pressure, temperature,
acceleration, and attitude angle in vertical-plane maneuvexs.

This reporb presents an analysis of the accelerometer
method including rLdiscussion of the required instrumenta-
tion, calibration procedures, and the effect of errors in
measurement on the accuracy of a calibration. Also included

is a comparison of airapeed calibrations of a jet fighter
airplane evaluated by both the wceleromet er and radar-
phototheodolite methods. These calibrations were made
simultaneously in shallow dives up to a Mach number of
about 0.8. . .
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SYMBOLS

free-stream ‘#tatic or atmospheric pressure
indicated static pressure .
free-stream static pressure computed from equation

(7) by using values of temperature and altitude
computed from accelerometer measurements

free-stresn static pressure computed from equation
(7) by using values of temperature and altitude
determined by radar

densi~
PF1-P -static-prmsure error ratio, —

free-stream total pressure fo~ subsonic. flow and total
pressure behind normal shock for supersonic flow

indicated impact pressure, pT—pn
elapsed time
measured elapsed time

k–t
error in elapsed time, ~

altitude
free-stream Mach number
indicated free-stream Mach number
free-stream temperature, absolute units
measured temperature, absolute units
temperature defined by equation (5)

T’– Terror in free-stream temperature, —
T

temperature recovery factor, ~T~3—P~

longitudinal acceleration, positi;e forward along z-axis
normal accderation, positive upward along z-axis
vertical acceleration, positive upward along vertical of

earth (defied by eq. (10))
lateral acceleration, positive to right of y-axis
angle between rays of sun and longitudinal ti as

measured by sun camera

1III- NAOATN 21W,“A Motbodof OaffbmtinKA@wd Inskdlatlonaon AlrPW at lYan?@nlo nndfhfKGw3nfo S@ by Use of Acrderometer and Attltnd&.&@e Mms-
tlramon&~ by John A. Zalovd& 19K!, and NAOA TN ‘wI), “Oomp?ulscm of Afrsp@ (?allbrations Evaluat@ by the Accafemmeter nnd Radar Methods” by Lfndsay J. Lfna and
James P. Trant, Jr., 1962.
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lon~tude of airplane
rat[o of specific-heats, 1.4
declination of sun
elevation rmgleof sun
attitude angle, positive below horizon
latitude of airplane
angle of bank, positive right wing down
rmgleof jaw, positive to right
Greenwich hour angle
vertical velocity -
gas constmt
error in estimating latitude of airplane (distance along

longitude /3)
error in estimating longitude of airplane (distance

along latitude ~)
acceleration due to gravi~
preik denoting error

Subscripts: .
0 beghming of level-flight run or shallow dive preceding

calibration maneuver or end of level-fight run or
shallow dive following calibration Inaneuver

1 beginning of evaluation of maneuver

ANALYSIS OF METHOD

THEOBY

“ The principal feature of most procedures for calibration of
airspeed installations on airplanes is the determination of
ambient or free-stream static pressure. In the method
described herein, free-strewn static pressure is obtained over’
a range of altitude with the aid of the relation that the rate
of change of static pressure with altitude “is equal to the
density, or

dp
~=–9P (1)

Since
gp =2?.

RT’
then

~P_
z––&

or

Equation (2) may be integrated as

(2)

(3)

Therefore, if the pressure at one altitude is known, the
pressure at other altitudes may be detmmined provided the
ambient temperature and the change in altitude are de-
termined. The ambient temperature”T may be determined
from the measured temperature T. with the use of the
relation

(4)

Since only the indicated Mach number M’ is known for

flight conditions where no airspeed calibration exists, tlm
=bient temperature is dete&ed only appro.sinmtely”m

(6)

The use of T’ in equation (3) would result in a small error in
p and, hence, two or more approximations may be necmsnry.

An alternative integral form of equation (2) is

H=’-nsx-)”% (6)

After substitution of the measured pressure pm and the
temperature 2“ in the right side of equation (6), the equation
becomes

(:)”=’-”JW%’
or

&)n=l-”J:(%)a‘7’
The value of n may be selected for the flight conditions on-
countsred so that only one approximation is required in tlm
determination of p. (See appendix A.) .For values of
temperature recovqry factor K of the thermometer new
unity and for subsonic and low supersonic airapeeds, a valuo

Ofnofy;l— or 0.286 gives satisfactory results.

The change in altitude dh in equation (7) may bo dotar-
mined from vertical velocity computed from measurements
of pressure and temperature at an instant in the calibration
run when the airspeed calibration or the static pressuro is
lmown and from vertical acceleration computed from meas-
urements of longitudinal and normal acceleration and attitudo
angle, as -

‘h=(v’+J:aJd’)
where

~l_–BT, dp
()–—z,PI

and

a,=az cos O—cGsinO—o (lo)

Vertical velocity a may also be determined as described in
appendix B.

The relation given by equation (7) may also be used to
advantage in the radar method of reference 1, particularly
for tests which would not permit a survey of static pressure
to be made over the desired range of altitude at flight con-
ditions (Mach number and lift coticient) at which tho air-
speed calibration was bow-n. For such a flight condition,
however, the airspeed calibration at least at one instant
during the test must be known and tbe change in altitude
from the altitude at that instant would, of coume, be de-
termined from radar measurements.
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REQUIREDEQUIPMENT

The airplane on which the pitot-static installation is to be
calibrated should be equipped with instruments to record the
following: static pressure measured by the static-pressure
sourco; impact pressure, or the difference between total and
static pressure, measured by the pitot-static installation;
temperature; normal and longitudinal components of acceler-
ation; attitude rmgle; and time. If the static-pressure re-
corder does not have the-required sensitivity for accurately
measuring changes in static pressurefor the determination of
vertical velocity, a statoscope with a sensitive differential-
presmre recorder should also be included. The impacb
pressurerecorder, the static-pressure recorder, and the stato-
scope, if one is used, should be the only instruments connected
to the static-pressure source and should be located as near as
possible to it in order to minimize the lag of the pressure
system. Provision must also be made so that the laige vol-
ume of the statoscope is not continuously open to the static-
pressuresource because of lag considerations and so that the
sensitive pressure cell is not subjected to pressuresbeyond its
limit in order to prevent damage. The magnitude of the
pressure lag of the airspeed installation may be determined
by methods described in reference 2. Where the lag is appre-
ciable, corrections must be made to the measured static
pressure. The thermometer is used to determine free~tream
temperature. A properly shielded thermometer with a high
temperature recovery factor (approaching 1.0) is recom-
mended since it should be least affected by position on the
airplane. The thermometer should also have a low lag;
corrections should be made if the lag is appreciable. The
nttitude recorder is used to measure the attitude of the air-
plane and may consist of a horizon camera, a sun camera, or
an attitude gyroscope. A horizon camera shooting either
forward or laterally is probably the most desirable attitude
recorder in localities where the horizon is not obscured by
haze, The attitude gyroscope and the sun camera, however,
may be more generally used. The attitude gyroscope meas-
ures the change in attitude angle. The attitude angle at some
instant during the calibration must therefore be determined
from other measurements, perhaps from the statoscope
measurementsand from the estimated angle of attack. When
a sun camera is used, the attitude angle is determined by sub-
tracting the elevation angle of the sun from the angle

, recorded by the camera

O=a—h (11)

The elevation angle of the sun maybe found in navigational
tables by use of the date of calibration, the time at the start
or end of the calibration run, anil the longitude and latitude
of the airplane. The elevation angle may also be found from
the espreasion

sin A= Sin g sin T+cos e Cos ‘TCos(w—/3) (12)

When the sun camera is used, the airplane should be equipped
with an indicating device to enable the pilot to fly the”air-
plane in a vertical plane with the lateral axis normal to the
rays of the sun. One such device is a sundial.

CALIBRATION PROCEDURE

The calibration procedure described herein may be used
for level flight, climb, dive, push-down, pull-out and any
combination of these maneuvers in a vertical plane. A cali-
bration may be obtained in a single run for some conditions
and does not require any additional survey -of static pressure
and temperature as is necessary for the method of reference 1.

The calibration maneuver consists essentially of two parts.
In one part the airplane is flown at a condition (lift coefficient
and Mach number) for which the airspeed calibration is
known. This part of the mheuver should preferably be
made in or near level fight over an interd of time consistent
with an accurate evaluation of vertical velocity. In the other
part of the maneuver the airplane is floym at conditions for
which the calibration is desired. This part of the maneuver
should cover as short a time interval as practical in order to
avoid the accumulation of errors in the evaluation. Either
part of the maneuver may precede the other. Measurements,
continuous throughout the maneuver, are made of impact
pressure, static pressure, temperature, longitudimd accelem-
tion, normal acceleration, attitude angle, and change in
static pressure if a statoscope is used.

When a sun camera is used to obtain the attitude angle, the
airplane must be flow-nwith the lateral axis’normal or very
nearly normal to the rays of the sun. A simple sundial
mounted ahead of the canopy may be used by the pilot as an
indicator for keeping the lateral axis normal to the rays of the
sun. The local time when the instruments are turned on
should be determined accurately. The clock that is used for
this purpose may be checked against radio time sibmal
(National Bureau of Standards radio station lWW).

When a horizon camera or an attitude gyroscope is used,
the airplane must be flown in a vertical plane. The airplane,
however, is not restricted to any particular vertical plane as
in the ca9e with the sun camera.

EFFECT OFERRORSIN NEASUREMBNT

The accuracy of the method depends principally on the
accuracy of deter- the attitude angle and the accuracy
of the accelerometer measurements. The equations for the
various errors are derived in appendix C, and the errors in
the computed quantities due to assumed errors in measured
quantities are presented in figures 1 to 11. When a sun
camera is used to determine the attitude angle, errors in
attitude a@e may arise from an error in time of the cali-
bration, an error in longitude and latitude of the airplane,
and an error in measurement of angle with the sun camera.
By measuring the time of the start or end of tie calibration
run to within a few seconds, the error in attitude angle due
to an error in the measurement of the time of the calibration
may be almost eliminated (see fig. 1). The clock should be
checked against an accurate source of time, perhaps against
radio time signal, before or after the calibration. Bemuse
of the speed of the airplane, and hence the distance covered
in a calibration run, the latitude and longitude of the airplane
may vary appreciably during the run. If, however, the
pilot can estimate his position to within 10 miles, the error
in attitude angle can be kept to ~thin +O.1° (fig. 2). The
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GJ-/9,dq

(a) 7=80°.
(b) .=46°.
(0) 7=60°.

FKJUEE1.—Err6r in attitude angle due to error of +60 seconds
in determiningg 100al time of calibration when use is made of a
sun camera.

error in the angle of sun rays relative to the longitudinal
axis m meammd with the sun camera need not be more than

. about O.1° for a properly designed sun camera. The prob-
able maximum error in attitude angle should be of the order
of O.1O.

A properly designed horizon camera can probably measure
attitude angle to within O.1O. When the horizbn camera is
shooting forward, the correction for dip of the horizon can
be estimated tmwithin +O.lO.

When the attitude angle is obtained tim the flighhpati
angle and the an@ of attack at one instant in the calibration
run, together with the change in attitude angle as meatied
with an attitude gyroscope for other times durirg the cali-
bration run, the error in attitude angle may be of a larger
magnitude than that for the method with which the sun
camera is used. The error in the f@h&path angle arises
from an error in determining vertical veloci@. If tie error
in verticnl velocity is 1 foot per second, the corresponding
error in liigh&path angle is about O.1° at a flight Mach num-
ber of 0.6. The error in estimating the angle of attack at
the instant when tie flighkpath angle is determined depends
on the applicability and the accuracy of the information on
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q — _

o

\
(b)

-.2
.
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(a) Due to error of +10 miles in latitude.
(b) Due to error of A 10 miles in longitude.

FrGmm 2.—Error in attitude angle due to error in estimating pos$tion
of airplane. ~= MO; ~=400.

which tie estimate is based. The NACA attitude gyro-
scopes have a drift of about 3° per minute. For a calibr-
ationrun lasting, for example, 20 seconds, the error in attitude
angle due to the drift of the gyroscope would be of the order
of 1° at the end of the calibration run. If the error in esti-
mating the angle of attack is 0.3° and the error in ‘determining
attitude angle is 0.10, the maximum error in attitude angle
for a calibration run lasting 20 seoonds would vary from 0.4°
at the start to about 1.4° at the end.

The error in the vertical component of acceleration due to
an error of + 1° in attitide angle as shown in figure 3 iu-
creaseswith increase in normal acceleration and with increaae
in attitude angle. In dives, normal acceleration would vary
from about 1 g near level flight to Oin a vertical dive. The
error in vertical acceleration in a dive would probably be of
the order of O.Olgfor an error of + 1° in attitude angle. In
a pull-out, the error in vertical acceleration would be linger
but would probably occur only near the end of the calibr-
ationrun.

The error in the verticrd component of acceleration duo to
an error of + O.Olg in the normal and longitudinal compo-
nents of acceleration is of the order of O.O1O(fig. 4). A
standard NA CA recording accelerometer has an accuracy of
1
~P erc8nt of full range. A longitudinal accelerometm of

+~g rmge ~d a normal accelerometer of O tQ 1 g range

would have an accuracy of 0.0025g. A normal accelerometer
of O to 4g range would have an accuracy of O.O1O. In order
to get improved accuracy for normal accelerations, a combi-
nation low--range and high-range normal accelerometer can
be used. For example, in a calibration run involving a dive
and pull-out, a low-range normal accelerometer crm be
evaluated for the dive and the high-range accelerometer for
the pulkut. Errors in normal acceleration due to zero
shift of the instrument may be largely elirninatad by the
inethod of appendix B.

The error in the vertical component of acceleration duo to
neglecting the angle of bank varies with attitude angle and
normal acceleration (fig. 5). For 1 g normal acceleration,
neglecting an angle of bank of 10° results in an mror in
vertical acceleration of —0.015g at zero attitude angle and
of Ogin a vertical dive. .
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FnmrRE 3.—Error in vertioal oomponent of acceleration due to
+ 1“ error in attitudeangIe.

The error in the vertical component of acceleration due to
neglecting the angle of yaw is shown in @gum 6. I’or a 2°
angle of yaw, the error in vertical acceleration is less than
O.Olg. For transonic dnd supersonic speeds, an angle of
yaw of 2° probably would not be unintentionally em.ceded
and certainly would not be maintained.

The error in static pressure due to a constant error of
* O.Olg in vertical aceeleratiop varies as the square of the
time for the edibration run (fig. 7). For a calibration run
lasting 20 seconds, the error, as percent of free-stream
static pressure, is 0.3, and for 40 seconds, the error is 1.1.

t?,deg

(a) Due to error in longitudinal accelemtion.
(b) Due to error in normal acceleration. -

Fmmm 4.—Error in vertkd oomponent of ameleration due to
an error of’+ O.Olg in longitudinal and normal accelerations.
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FIGURE5.—Error in vertioal component of acceleration due to
neglecting angle of bank.
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Errors in the time rate of change of static pressure may
arise not only from tie recording instruments but also from
the time rate of change of-Mach number and of angle of
attack when h~ach number and angle of attack afFect the
airspeed calibration. These Mach number and angle-of-
attack effects may be avoided by making the measurements
for the determination of vertical velocity a in approximately
constanhspeed level flight. This type of maneuver will also
minimize errors in vertical velocity due to uncertainties in
the static-pressure measurements if the method of appendix
B (eq. (2o)) is used.

The error in vertical velocitj due ti an error of +0.01
inch of water in the time rate of change of static pressure at
40,000 feet is 2.8 feet per second (fig. 8). This error in
vertical velocity results in a static-prewure error which is
shown as a function of time in figure 9. For calibration
runs lmting 20 and 40 seconds the eqors in static pressure
me about 0.3 and 0.5, respectively.

The error in static pressure due to an error of &1 percent
in measured temperature (or about + 5° F) varies with the
range of pressures covered in the calibration (fig. 10). For
a range of static presmms from 0.7 to 3 times the initial
static pressure, the error is within 1 percent of free-stream
static pressure.

t,Sec
FIamm 7.—Error in free-stream statia p~ due to consistent

error of * O.Olg in vertical component of acceleration.

h, fl

FIQWIW8.—Error in vetilcal veloci@ due to error of &0.01 ‘inch
of water per second in time rata of ohange of etatic preseure.

A)2

%
S

o 10 20 30 40 50
Al, sec

FIGUaE9.—Error in statio pres&re due to error of ~ 0.01 inch of water
per second in time rate of ohange of static pmswre. h =40,000 feet.
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An error in total pressure results in rmerror in McLchnum-
ber and, hence, in static pressureas determined from equation
(7). Errors.in total pressure due, for instance, to angularity
of flow may be avoided by the use of properly designed pitot
tubes. The error in free-stream static pressure due to an
error of + 1 percent of total prwwre is seen in figure 10 to
be within 0.3 percent of free-stream static pressure for n
range of static pressures from 0.7 to 3 times the initial static
prefmre.

In evaluating the free-stream static pressure with tlm uso
of equation (6), the value of the gaa constant may be taken
to be 53.3, the value for dry air. The restilting error due
to neglecting moisture content maybe shown to be negligible,
For example, if the air were saturated, the use of the gas
constant for dry air would introduce an error of about 0.2
percent of free-stream static press~e in a dive from an
altitude of 10,000 feet to sea level and of 0.01 percent in a
dive from 30,000 feet to 20,000 feet.

The error in static pressure due to error in a standard

NACA static-pressure recorder is ++ percent of the fuU-

scale reading. For a static-pressure recorder covering a
range from sea level to 50,000 feet, the error in static pressure
is * 1 inch of water or *1.3 percent of static preasum at an
altitude of 40,000 feet. For a static-pressure recorder covor-
ing a rangd of altitudes above 30,000 feet, the error is &0,2
inch of water or *0.3 percent of static pressure at 40,000
feet. Further improvement in accuracy of the static-
pressure meaaurementa may be obtained with the use of a
statoscope equipped with a differential-pressure recorder
having a range to cover the change in static pressure over the
desired range of altitudes. The error in Mach number due
to an error of *1 percent of static pressure is shown in
iigure 11.

The elapsed time tmaybe measured to within 0.01 percent
with the use of a tuning-fork timer. The static-pressure
error corresponding to this error in time is (according to
eq. (50)) within 0.05 percent of free-stream static pressure
for a range of altitudes (&hJ of 50,000 feet. Sinco rdL
instruments can be of the continuous-recording type, no
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.2 .4 .6 .8 1.0 1.2 1.4
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FIGWEWI10.—Error in free-stream static pressura due to A l-poroont
error in meacured temperature and &l-percent error in totaf
preeeure.
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FmuRB Il.—Error in Mach number corresponding to & l-peroont
error in statio premum.
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consistent error should result from the correlation of these
records.

When a calibration run begins and ends near level flight
at fi speed for which the calibration is known, a check on
the constant errors in calibration (due to errors in acceler-
a(ion or attitude angle) is obtained in that the vertical
velocity at the end of the calibration run should be equal to
vertical velocity at the start plus the time integral of the
vertical acceleration. A consistent error in the static-
pressurc recorder does not affect the determination of the
stmtic-pressure error since the consistent error would be
included in the computed free-stream static pressure as well
ns in the measured pressure.

The effect of the various errors on a calibration was evalu-
ated for a hypothetical maneuver involving a level-flight
run of 4 seconds followed by a 30° dive lasting 30 seconds
on the assumption that standard ~ACA instruments were
used. This study indicated that the various quantities
could be measured accurately enough with standard instru-
ments to insure a satisfactory calibration.

FLIGHTE1’ALUATIONOF METHOD

An experimental verification of the conclusions reached in
the analytical study of the effect of errors on the calibrations
was considered desirable. Flight tests were therefore made
to obtain a calibration of an airspeed installation on a jet
fighter airplane by the accelerometer method. A calibration
was also made at the same time by the radar-phototheodolite
method for comparison. These flight tests are described in
the following sections.

EQUIPMENT

The jet-powered ilghter airplane used for the calibration
tests was equipped with a pitot-static tube mounted on a
boom about 1 fuselage maximum diameter ahead of the
fu@age nose. A resistance-type free-stream thermometer

equipped with two radiation shields was mounted about ~

fuselage masimum diameter ahead of the nose on the air-
speed boom. The thermometer had a recovery factor very

nearly 1.0 and a time lag of about ~ second for the altitude

and speed range at which the tests were made. The ther-
mometer and pitokstatic head are shown mounted on the
boom in figure 12. . --—.

2‘T

.— _

PItot-stohc heed ...

~-

Y Thermomete.i

L- 69460. I
. .

I?mmm 12.—Pitot-st.atio head and thermometer mounted on the
fuselage nose boom.

321110 G-G%57
.

The instruments installed in the airplane and tie range of
each instrument are as follows:.
Themometer------------------------------------ —40°to 40° F
Static-pressuremco~er--------_---_----- 95to 422inchesof water
Impachpremuremmfier__---__-------.--- 30to 84inoheaof water
Normalwmlemmeter----------------------------------- Oto ~
Normalmcelerometer----------------------------------- 2to +
Longitudinalacwlerometer---------------------------- 0.5to O.%
Sunmmem------------------------------------------------ 30°
All of th&e instruments recorded the measurements con-

tinuously on films which were synchronized by a ~ -second

timer. b identification code, which synchronized the radar
measurements with the measurements taken in the airplane,
was transmitted to the ground radar station by the aircraft
radio.

The sun camera was mounted in the airplane below an
opening in the skin ahead of the pilot’s canopy. The
camera was designed to record continuously the attitude of
the airpkme i.elative ti the sun. A simple sundial, shown
in figure 13, was installed to aid the pilot in maintaining the
lateral axis of the airplane normal to the rays of the sun.

The time of the start or end of a test w-asdetermined by
means of an ordinary watch checked against time obtained
from radio station WWV operated by the National Bureau
of Standards.

The radar-phototheodolite .ground eqqipment was the
same as that described in reference 1.

ACCURACYOFRECORDmGEQUIPMENT
In order to utilize adequately the accuracy of the instru-

ments, much care was taken in the calibration of the instru-
mt%ts and in the reading of the film.

A flight test was made prior to the airspeed-calibration
tests to check the measurements of free-stream temperature
by using two thermometers and recording galvanometers of
the same desigg. The recorders indicated an occasional

differemw in temperature of no more than ~ 0 F. The errors

in temperature resultin@rom lag in the thermometer varied
with the rate of change of measured temperature. The average
erromvasordyabout —O.1°F in the dives; therefore,no correc- .
tions were applied since me errors were considered negligible-

—-
1

FIQmtE 13.-Sundial used by the pilot as an aid
with the sun.

I

I
L-69461.1 I

-
in aIining the airplane
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The static-pressure recorder was specially built and had a
rending accuracy of about +0.05 inch of water. A calibra-
tion of the static-pressure recorder with increasing and then
decreasing pressure indicated a hysteresis loop of about
+0.5 inch of water. The accuracy of the static-pr~e
recorder, however, is believed to be better than this value
indicates since the diaphragg waa put in a rested state by
applying and releasiruga suction of about 35o inches of water
severnl times immediately before flight and since the static-
pressure recorder was calibrated immediately aftar flight by
using apressure-timesequence approximating theflight &ts.

The impact-pressure recorder had an accumcy greater
than about +0.1 inch of water. The accuracy of the recorder
is well within the prectilon required by the accelerometm
method since impact pressure affects only the ratio of static-
pressure error to impact prek.sure,the determination of Mach
number W, and the temperature 2“.

The time lag in the static-pressure line connected to the
“ static-pressure recorder was estimated to be 0.05 second for

the altitude of the tests. Site this time lag corresponded
to a lag in static presure of less than .0.1 inch of water or
0.001 g.’ for the maximum rate of chamge of static pressure
occurring in the maneuvera, no correction was applied. The
time lag in the total-pressure line was estimated to be 0.03
second. The effect of the lag in the total-pressure and
static-pressure lines on impact pressure was negligible.

A calibration of the nornial accelerometer indicated effects
of longitudinal acceleration and of temperature for which
corrections were applied. Consistent errors in normal
acceleration due to zero shift in the instrument are beli~ved
to be eliminated by use of the method described in appendix
B. The normal accelerometer -had a constant uncertainty
of about +0.2 percent of the change of normal acceleration
from 1 g. Unm:tain~ of the longitudinal accelerometer
zero is believed to be about & 0.002g.

The sun camera had a reading accuracy of about 0.07°
rmd its setting relative to the axes of the accelerometers
could be measured to within about 0.2°. Although the
solar time was determined b within 5 seconds, the time was
taken at the midpoint of ehch maneuver since the resulting
error in the elevation an@e of the sun at tie bee@niqg and
end of the maneuver vms estimated to be small (less than
O.lO).

TEST9

The tests consisted of three shallow dives from an altitude
of 31,000 feet to an altitude of about 26,000 feet. Two dives

of about ~ -minute duration covered a Mach number range

from about 0.6 to 0.8 with 2 and 4g pull-ups, and the third
dive of about l&ni.nu@ duration covered a range of Mach
numbers from about 0.40 to 0..80with a 3g pull-up. Prior
to each of the short dives, a survey of atmospheric premme
for the radar-phototheodolite method was made in a climb
at an airplane Mach number of about 0.45 and records were
taken about every 500 feet between altitudes of 23,000 and
31,000 feet. Continuous measurements were made during
the dives and pull-ups. Radar-phototheodolite equipment
was not used for the third dive. The pilot attempted to
hold the lateral axis of the airplane normal to the sun’s rays
through the use of the sundial.’

EVALUATION OF MEASUREMENTS

The calibration of the airspeed installation by the radar-
phototlieoilolite method was made as described in reference 1.
.E’ree-strqamstatic prewure was determined from’ surveys
of atmospheric pressure by using the static-pressure error
determined in previous tests with a trailing airspeed head up .
to a iMachnumber of about 0.40. The surveys wer~mode ot
a Mach number of about 0.45; therefore, extrapolation of the
static-pressure error obtained from the tests with trailing
airspeed head for the approxiinate MQch number range from
0.40 to 0.45 was necessary.

For the purpose of evaluation, the dives were divided into
two parts. Data from the first part of each dive were used
to determine the vertical veloci~ U1at the beginning of the
last part of the dive as described in appendk B. The static-
pressure error was evaluated oily for the last part of the
dive.

.The static-pressure error determined for corresponding
flight conditions from results obtained with the trailing air-
speed head and the radar method was used in computing the
vertical velocity mlfrom data taken during the first 12 sec-
onds of dive 1, the first 13 seconds of dive 2, and the first
45 seconds of dive 3.

The free-stream static pre&ure PI in equation (7) was
obtained from the static pressure measured at the beginning
of the last part of the dives by using the static-pressure error
as determined from the calibration by the radar method,
Since the results of the radar calibration were obtained from
Mach numbers of 0.57 to 0.78, the results of dive 3 wero
evaluated by the accelerometer method starting at the
time at which a Mach number of 0.57 was attained (67 seo
from end of maneuver).

By using vertical velocity u, and static ~res.sureyl thus
determined, the static-pressure error was evaluated for tho
last 22, 24, and 57 seconds of dives 1, 2, and 3, respectively,

=ULm ANDDISCUSSION

The results of the calibrations by both methods me pre-

sented,as plots of ~ against indicated Mach number M’

in figure 14. The static-pressure error determined by tho
accelerometer method for dives 1 and 2 and subsequent pull-
outs was nearly constant at about 2.5 percent of impnct
pressure with very little scatter of data over the range of
Mach numbem used in the evalu~tion (0.65 to 0.78). Tho
results of dive 3, evaluated over a much largbr time intorvrd
and Mach number range (0.57 to 0.78), agreed closely with
the results of the other dives up to the start of the pull-out,
after which the results for dive 3 showed a few points that
were lower than the average for the other dives by M much
as 1 percent of impact pressure. Because of the absonca of
similar effects in pull-outs following dives 1 and 2, this dwia-
tion is not considered to be the effect of airplane lift coeffi-
cient on the calibration. The deviation is, howevm, within
the accuraq accepted for most calibrations. Uncertainties
of the airspeed calibration, due to the estimated errors of
several sources, varied from zei-o near the beginning of dive
3 to masimum values near the end of the dive. These mox-
imnm values are shown b table I. Since the calculations for
two of the sources were necesmrily probablo errors ml for

.
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(a) Radar m!thod.
(b) Accelerometer method.

l?IaunE 14.-Airspeed calibration as evaluated by the radar
and accelerometer methods. Flagged symbols are in the pull-out
where a.= 2g.

the remaining sources were necessarily nominal mtium
possible errors, no attempt was made to compare the data
with any combination of these uncertainties.

The stntic-premre error as determined by the radar
method increased from about 2.5 percent of impact pressure
at a Mach number of 0.57 to a little over 3.o percent at a
Mach number of 0.78. The scatter of about &0.5 percent
at tlm low Mach munb~m and +0.2 percent at the high

Mach numbers is about ~ the maximum possible scatter due

to inaccuracies of meawiring static pressure and height by
radar (&45 ft for slant range and +0.2 mil for elevation
angle). On the basis of the faired data, the results of the
radar-method calibration show the greatest ditTerence (0.5
percent) from the accelerometer-method calibration at the
high Mach numbers. Differences of this magnitude hive
been noted between two tests for n radar eal.ibrationin ref-
erence 1, although in the present tests there was no con-

- sistent diilerence between the two successive dives. Ttshould

TABLE I.—ESTIMATED ERRORS IN AIR9PEED,
CALIBRATION NEAR THE END OF DIVE 3
DUE TO VARIOUS SOURCES OF CONSTANT

ERROR IN THE EVALUATION BY THE
ACCELEROMETER iMETHOD

Errorlnolrspwdml-
SOnrea SOurm error lbration (percmt

tmpaot pra%?nre)

---b
In&Wltlr:l~etyy deterrnlned by lenst- 4=0b~eIW& (prob- +0.04 (prelmble)

~o of normdrmelerometirde~d @a~&~ (mob- *X (proixble)
bylemqt-wmres methrd

.%witlvlty of tbo nornmloccelerometa =!5J.W (5+

I Zeroof Iowltudlodarderometer IMm ft/s?& I=m.os I

I Strltlopresme I~tn.omr I=m.4e I

be noted that the “maximumuncertainty in the accelerometer
method, due to the estimated possible error in static pressure
(shown in table I), is about the same magnitude.

The calibration, as determined by both the radar and
accelerometer methods, is typied of nose-boom installations”
inasmuch as there was little effect of either Mach number or
lift coefficient over the ranges covered in these tests.

CONCLUDINGREMARKS

A method is de&ribed for calibrating airspeed igstdlations
on airplanes at transonic and supersonic speeds in vertical-
plane marmuvera in which use is made of measurements‘of
normal and longgtudimil accelerations and attitude angle.
The method involves starting or ending a calibration run
near level flight at a speed for which the airspeed calibration
is lmown and, hence, for which the free-stream static pressure
may be determined. Integration of the vertical acceleration
computed born the normal and longitudinal accelerations
and the attitude angle determines the change in altitude
whie.h,when combined with the temperature measurements,
gives the change in static pressurehorn the start or end of the
calibration run and, hence, the variation of free-stream static
pressure during the calibration run. The static-prmsure
error is then obtained at any instant during the calibration
run by subtract~~ the free-stream static pressure from the
indicated static pressure.

h the method described herein the required instrumenta-
tion is carried within the airplane. Should the airplane at
any time enter a previously unexplored fight condition in ~
vertical-plane maneuver, a calibration may be readdy
obtained.

An amdytied study of the effects of various sources of
error on the accuracy of an airapeed calibration by the
accderometer method indicated that the required measur~
ments can be made accurately enough to insure a satisfactory
calibration. ‘

In order to obtain an experimental verification of the
analytied study, flight tests were made and an airspeed
calibration of a jet iighter airplane was evaluated using the
accelerometer method and, for comparison, the radar-photo-
theodolite method. The tests included shallow dives up to a
Mach number of about 0.80 with pull-ups of about 4, 3, and
2g normal acceleration. The calibrations of the dives by the ,
two methods are typical of a nose-boom installation inasmuch
as there was little effeet of either Mach number or lift co-
e%icientover the ranges covered in these tests. The static-
pressure error as determined by the radar-phototheodolite .
method iq&a.sed born about 2.5 percent of impact pressure
at a Mach number of 0.57 to a little over 3.0 percent at a
Mach number of 0.78. The static-pressure error determined
by &e accelerometer method was nearly constant at about
2.5 percent of @pact pressure over the same Mach number
range.. From the results of the tWs it appears that, for
vertical-plane maneuvem, the accelerometer method may be
used as an alternate to the radar-phototheodolite method.

LANGLEYAERONAUTIC LABORATORY,
LVATIONALADVISORYCOZd~ED FORAeronautics,

LDTGLEY l’~LD, VA., Dec. 6, 19W.
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APPENDIX A

CALCULATION OF SUITARLE VALUES OF n FOR USE IN EQUATION (7)

The value of n that yields zero or nearly zero error in the
computed ties-stream static pressure as a result of using pm
and M’ in equation (7) maybe found by first differentiating
equation (6) m

(13)

where eP in the inte~gralis the error in the static-pressure
source and Ap/p on the left side of the equation is the error
in the computed free-stream static pressure due to use of
pmand M’. Alsointhe integral +isthe errorin Tdueto
the use of M’. For zero error in computing free-stream static
pressure

~~=er
or

eTn.=—
eP

For MS 1.0, the value of ~ may be determined from equn-

tion (4) and the equation

r

( )--w=PT=P N’2 (14)

Differentiating each ‘equation and combining results in the
follofig expression:

For Mz 1.0 the value of n may be similarly computed from
equation (4) and the equation

7’+1M2p

[

(y+l)’w 1
1

3
pT. ~

47M’– 2(7– 1)
(16)

or
~_7—1 2-fM-(7-1) MK

—% ‘ 2iW-1
1++ KM (17)

The values of n for K=O.9 and lC= 1.0 are tabulated for var-
ious Mach numbers as follows:

“lm-
n

M
X=O.QK=l.o

.—
0.5 CLZ& 0.!E3
?: .847 %

.401 .4W$8 .044 .87U
40 .7U .m

,

Since, in the general case, a range of Mach number would bo
covered in a calibration test, a mean value of n may be takm,
The possible error in the computed free-stream static prwnnw
resulting from the use of the mean value for a rmge of Mach
numbers from M= 1.0 to JM=2.O was estinmtecl to be less
than 3 percent of the static-pressure error of the airspeed
installation.

.

APPENDIX B

DETERMINATION OF INITIAL VERTICAL VELOCITY AND ZERO SHIIW IN A NORMAL ACCELEROMETER

If a run in, or near, level flight is made prior to, and con-
tinuous with, the calibration maneuver, the initial vertical
velocity % at the start of this run may be determined horn
integrations of the accelerometer measurements and change

, in geometric height computed from pressure and temperature
measurements by using the equation

J Ht—‘%Tdp=v&‘ %dtdt ~ (18)
I-JoP 00

This method of determining vertical velocity %, however,
may introduce errors due to errors in vertical acceleration.
An appreciable source of error in the airspeed cnlibratio%by
the accelerometer method may be the zero shift of the nor-
mal accelerometer. This error can be corrected at the.same
time that UOis determined. The vertical acceleration may
be written as

a,——a,f+Aav (19)

where G’ is indicated vertical acceleration and Aa, is a con-
908

I stait iimwrin vertical a~eleration. In, o; near, level flight

I Aa. =Aa. (20)

I Equation (18) may therefore be rewritten as
/

-J:%dp-IJ’a’d’d’=o’+Aa.~ ’21)
A solution of this equation which contains two unknowns,
V. and A&, may be determined by satisfying the equation
over two time intervals. A better approach is to um tho
method of least squareswith a large number of time intervmls,

Once h (and AaJ is detmnined, the vertical velocity VI
at the start of the cdibmtion maneuver may be determined as

J
q

01=00+ a, dt
o

(22)

Although the preceding discussion refers specifkally to m
maneuver starting in, or near, level flight, the method is also
applicable to a maneuver ending in, or near, level flight.



APPENDIX C

CALCULATIONOF ERRORS

#

ERRORINATTITUDEANGLE DUETOERRORINTIMEOFCALIBRATION

h mror in the time of calibration results in an error in the
elevation angle of the sun.and, hence, in the attitude angle.
The error in the elevation angle of the sun is, after diileren-
tiation of equution (12),

AA=— ‘s:a~ 7 sin (w—-@Ati (23)

or

Ah=– ~ Al‘s:;c~ 7 sin (u—~) 3600 (y)

whero .
15

‘U=3600 ‘t

and At is the error in time in seconds.
Since

Ah= —At?

AO=O.00416 Cos’ac; 7 Sin (w—~)At (25)

The error in attitude angle due to an error of 60 seconds in
tinm of the calibration is plotted in figure 1.

ERRORINA’lTITUDEANGLEDuRTOERRORINLATMWDEANDLONGITUDE
OFTEEADIPLANE

The erm~ in attitude angle due to error in the latitude of
the airplane is

Afl=-Ah=
[

‘sin GcOS7+COS ESill T C@ (O—P)
CosA 1AT (26)

or

AO=
[ 1

‘Sin .5 COS T+COS c Sin T 03S (@_@ 57.3
CosA ~ S, (27)

where

AT=% &g

and 8Pis in miles.
Similarly, the error in attitude angle due to error in the

longitude of the airplane is

Ao_—cos 6 sin (o—p) 57.3—
CosA 40008’ (28)

where s, is in miles.
The error in attitude angle due to error in the latitude and

longitude of the airplane is plotted in figure 2.

ERRORINVERTICALcOMPONENTOFACCELERATIONDUETOERRORIN
ATTITUDEANOLE

The error in vertical acceleration due to an error in attitude
angle is, after differentiation of equation (10),

Au,= —(a=sin O+a. cos /3)A0 (20)

where At?is in radians. The error in the vertical component
of acceleration for a + 1° error in attitude angle is shown
in figure 3.

ERRORINVERTICALCOMPONENTOFACCELERATIONDURTOERRORIN
LONGITUDINALANDNORMALcOMPONENmOFACCELERATION

The error in the vertkxd component of acceleration due to
error in the longitudinal component of acceleration is, after
differentiation of equation (10),

Au,= —A% sin O (30)

Similarly, for an error in the normal component of
acceleration

Aa,=Aa. cos 8 (31)

The error in the vertical compon&t of acceleration due to
an error of +0.0 lg in the longitudinal and normal components
of acceleration is presented in figure 4.

ERRORINVERTICALCOMPONENTOFACCEIXRATIONDuETO
ANGLEOFBANK

The expression for vertical acceleration, including the
angle of bank, is

a,=az cos 0 cos +—w sin tl-g (32)

where d is the angle of bank.
If the angle of bank is neglected, the error is

A&=az cos 0 (COS& 1) (33)

The error in the vertical component of acceleration is
plottad in figure 5 for anglea of bank of 5°, 10°, and 15°.

ERRORINVERTICALCOMPONENTOFACCELERATIONDuETO
ANGLEOFYAW

The vertical component of acceleration, including the effect
of yaw, is

a.=az cos 0—% sin 0 cos $+% sin + sin d—g (34)

where # is the angle of yaw and ~ is the lateral acceleration
due to yaw.

909
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If the angle of ynw is neglected, “the error is

Aa,=a. sin O(l-cos $)+~sin$sin O

=[az(l–cos l#)+q sin +] sin e (35)

This error in tie vertical component of acceleration is
shofvn in &re 6 for 2° and 4° of yaw.

ERRORINFREE-STREAMSTATICPRESSUREDUETOERROR
m DETERBllNINGVEETICALCO~WONENT

OFACCELERATION

The error in free-strwm static pressure due to error in the
vertical component of acceleration is found by substituting
equation (8) into equation (7) and then M7erentiating the
resulting equation, or

Ap 1—=— ~
P ‘ ‘“(’+l!Y?cAa4d’ ‘’36)up t,

In the integral As,, p, M, and T. may vary with time. In
order to obtain the order of magnitude of the error, however,
it is snflicient to assume th=e quantities as constant. Then

Ap Aae—. ——
P 2RT”P (37)

The variation of the error in static presmre with time is
shown in figure 7 for an error in vertical acceleration of
+0.olg.

ERRORm VERTICALVELOCITYDUETOERRORINDETERMININGTEE
TIMERATEOFCHANGEOFSTATICPRESSURE

The emr in vertical-velocity due to error in determining
the time rate of change of static pressure is obtained &m
equation (9) as

Av=-~A ~
P ()

(38)

The error in vertical velocity due to an er& of 0.01 inch of
water per second in the time rate of change of static pressure
is shown in figure 8 for various altitudes.

ERRORINFREE-STREAMSTATICPEESSUREDUETOERRORm
DETERMININGVERTICALVELOCITYORTHETIMERATEoF

CHANGEOFSTATICPEESSURE

The error in free~trewn static pressure due to error in
determining verticil velocity is, after substitution of equa-
tion (8) into equation (7) and differentiation of the resulting
equation,

Ap 1—. —% J
t’p”(l+o.2KiM9Aa,dt

RT= (39)
P p t~

In evaluating the order of magnitude of e~or in static pres-
sure, T., M, and p may be assumed as constant in the
intea-l and therefo;e

$= –F; (40)

In terms of error in time rate of ch~me of static pressure, the
error in static pressure is, after substitution for Av fro-m

equation (38),

()
@=A dp ~
P .Zp

(41)

This static-pr-ure “erroris plotted in figure 9 as rLfunction
of time for an altitude of about 40,000 feet and an error of
+0.01 inch of water in the time rate of chrmge of static
pressure.

ERRORm FREE-9TREAMSTATIC~RX,UREDUETOERRORIN
MEASURINGT.

The error in free-stream stati~ pressure due to error in
measuring T= is, after differentiation of equation (7),

Ap 1

J
Pyyl+0.2KM9 AT. ~—. ~

pp~RTm -zd
(42)

l?orA~—= Constant, equation (42) reduces to “
m

%’=%[(%9”-11~ (43)

The error in free-stream static pressure due to an error of &1
percent in T. is plotted in figure 10 against the mtio of
initial pressure PI to pressure p at any time during tho

calibration. -A value of n of ~ or 0.286 was assumed,

ERRORINFREE-STREAMSTATICPRESSUREDUETOERRORIN
MEASURmGTOTALPRESSURE

The error in total pressure introduces an error in the
computation of temperature and, hence, in the computation
of free-stream static pressure. The static-press-m error
may be found by differentiating equation (6) as

Ap 1—. ~ J
hPa AT dh

p p h,BTT
(44)

Ap=
If $ is assumed to be a constant and is related to ~

through the use of equations (4), (14), and (16), the static-
pressure error is found to be

“%=-%[(3-11 (45)

The error in static pressure due to + l-percent error in totnl
pressure is plotted in figure 10 against the ratio of initial ‘
pressure pl to pressure p at miy time durhg the calibration

forn=$=

ERROR IN FRES—STREAM STATIC PRESSURE DUE TO ERROR IN
ELAPSED TIME

Integration of equntion (8) between the limits of h and Itl
yields

SS
t;

h–h, =o,t+ a, dtdt
. . 00

(46)

—
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If the measured elapsed time tm issubstituted i&o equation
(4(3),the equation becomes

(47)

where hm is computed altitude corresponding to measured
elapsed time %. If the error in elapsed time is deiined as

t=—tet.—
t

the error in altitude determined from equations (46) and
(47) becomes

Ah=e, [2(h–hJ- o,t] (48)

The corresponding error~infree-stream static pressure is

(49j

The error in free-stream static pressure is a maximum if tj
. is zero or if VIhas a direction opposi~ to the resultant change

in~rdtitude. For 01=0, .

Ap_2e,(h,–h)
~– RT

(50)

ERRORINMACENUMBERDUETORRRORINPRER-SfiRAM-. STATICPRESSURE

we error in Mach number due to an error in static pres-
sure is, nfter dtiereDtiation of equation (14) for M= 1.0,

AM=_l+0.2f~ Ap
1.4M T

(51)

and, after differentiation of equation (16) for M> 1.0,

The error in Mach number due to a ~ l-percent error in free-
stireamstatic pressure is shown in figure 11.

.
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